Estrogen affects mitochondrial function in various tissues, but the precise mechanism remains unclear. We, therefore investigated the effect on estrogen-regulated mitochondrial morphology by dynamin-related protein 1 (Drp1) and its Ser616-phosphorylated derivative (pDrp1
tors [4, 20, 32] . 17β-Estradiol (E 2 ) was reported to transform breast cancer cells into secretory cells containing large, clear mitochondria with well-defined cristae formation. These effects occurred in ER-positive cell lines, including MCF7, but not in ER-negative cells, suggesting that the effects of E 2 on mitochondrial ultrastructure are mediated through ER [40] . The role of estrogen and ERα in the preservation and regulation of mitochondrial structure and function were revealed in rat and mice myocytes [46] , in mice ovarian interstitial cells [37] , and in the brown adipose tissue of rats [16, 17, 30] . These reports suggested that estrogen regulates cellular functions by modifying mitochondrial morphology, although the precise mechanism remains unclear.
Mitochondrial morphology is dynamic and is controlled by balancing continuous fission and fusion events. In mammals, the core mitochondrial fusion machinery consists of dynamin-related GTPases optic atrophy 1 in the inner mitochondrial membrane and mitofusins 1 and 2 in the outer mitochondrial membrane. Mitochondrial fusion is required to recover the activities of damaged mitochondria, while fission is necessary for the correct redistribution of mitochondrial DNA during cell division and for transporting mitochondria to daughter cells during mitosis and meiosis [11, [23] [24] [25] 34] . Mitochondrial fission requires the recruitment of dynamin-related protein 1 (Drp1) from the cytoplasm to the outer mitochondrial membrane and Drp1 assembles into fission foci. Mitochondrial fission is regulated by post-translational modifications of Drp1: phosphorylation, ubiquitination, SUMOrylation, and Snitrosylation [7, 14, 26, 28, 45] . Drp1 phosphorylation is initiated at several sites and thus is involved in different mechanisms of various pathological processes. In general, phosphorylation at Ser616 induces Drp1 activity while phosphorylation at Ser637 inhibits Drp1 activity. Upregulation of Drp1 and phosphorylation at Ser616 are related to cancer progression in breast cancer, lung adenocarcinoma and pancreatic cancer [38] . Currently, the role of Drp1 in hormone-dependent malignant tumors is unclear and its detailed regulatory mechanisms remain to be determined.
We, therefore, aimed to evaluate the possible mechanism of estrogen-regulated mitochondrial structure, focusing on Drp1 phosphorylation, in MCF7 human breast cancer cells proliferation. To address this aim, cell proliferation was determined by the MTT assay after treatment with E 2 or E 2 plus ER antagonists. Drp1 phosphorylation was determined at the Ser616 position by western blot and immunohistochemistry, and mitochondrial morphology was determined by transmission electron microscopy (TEM).
II. Materials and Methods

Cell culture
MCF7 human breast cancer cells were from RIKEN Cell Bank (Ibaraki, Japan). Cells were cultivated routinely in Dulbecco's Modified Eagle's Medium (DMEM, Gibco, Thermo Fisher Scientific Inc., Waltham, MA, USA) supplemented with 10% (v/v) heat-inactivated fetal bovine serum (FBS, Hyclone, GE Healthcare Life Sciences, Logan, UT, USA), 100 μg/ml of streptomycin sulfate, 70 μg/ml of benzylpenicillin potassium, 3 mg/ml of sodium hydrogen carbonate and 0.5 M L-glutamine solution in a humidified chamber (5% CO 2 , 37°C) (Wako Pure Chemical Industries, Ltd., Osaka, Japan). Cells were grown for five days to 80% confluence and then trypsinated using a 10% dilution of 0.5% trypsin-EDTA mixture in phosphate buffer saline (PBS) without magnesium and calcium.
Estrogen and estrogen receptor (ER) antagonist treatment
Prior to treatment with estrogen or ER antagonists, MCF7 cells were cultured in phenol-red-free DMEM (Gibco, Thermo Fisher Scientific Inc., Waltham, MA, USA) with 10% dextran-coated charcoal-treated FBS (DCC-treated FBS) overnight, then, the cells were cultured in serum-free, phenol-red-free DMEM overnight. Cells maintained in medium containing 10% DCC-treated FBS and no added hormone are referred to as control cells. 
Cell proliferation assay
Cell proliferation was determined by the MTT assay (3-(4,5-dimethythiazol2-yl)-2,5-diphenyl tetrazolium bromide, Wako Pure Chemical Industries, Ltd., Osaka, Japan). Cells were seeded in 96-well plates at a density of 4000 cells/well. Cells were treated with 0.001% EtOH as control and 0.01 μM E 2 with or without 1 μM ICI for 12 hr to 48 hr, then 10 μl MTT solution was added to each well and the cells were incubated at 37°C for 2 hr. Dimethyl sulfoxide (DMSO) was used to dissolve the formazan crystals and the resulting intracellular purple formazan was quantified with a spectrophotometer at an absorbance of 562 nm (Immuno Mini NJ-2300; Nalge Nunc Int. Co. Ltd., Tokyo, Japan).
Antibodies
Rabbit monoclonal antibodies against Drp1 (D6C7; 5 μg/ml) and pDrp1 Ser616 (D9A1; 1 μg/ml) were from Cell Signaling Technology (Boston, MA, USA 
Western blot analysis
Western blot analysis was performed as previously reported [2] . In brief, cells were seeded in 6 cm plates at a density of 0.8 × 10 6 cells/well. After incubating the cells with various doses of E 2 (0.001, 0.01, 0.1, 1 and 10 μM) for various durations (4 hr, 8 hr, 12 hr, 24 hr and 48 hr), total cell lysates were prepared using hot SDS solution comprising 0.9% SDS, 15 mM EDTA, 8 mM unlabeled methionine and a protease inhibitor cocktail. Following incubation at 100°C for 10 min, the samples were cooled, diluted to 0.3% SDS, then final concentrations of 33 mM Tris/acetate, pH 8.5 and 1.7% Triton X-100 were added. Lysate containing 10 μg of protein was mixed with loading solution [0.2 M Tris-HCL (pH 8.0), 0.5 M sucrose, 5 mM EDTA, 0.01% bromophenol blue, 10% 2-mercaptoethanol, and 2.5% SDS], boiled for 5 min, separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE, Wako Pure Chemical Industries, Ltd., Osaka, Japan) on an 8% polyacrylamide gel, and electrophoretically transferred onto Polyvinylindene fluoride membrane (PVDF, Millipore, Bedford, MA, USA). The membranes were blocked with 5% nonfat milk in Tris-buffered saline with 0.1% Tween 20 (TBST; 20 mM Tris buffer, pH 7.6 and 150 mM NaCl) for 1 hr at room temperature and then incubated overnight with rabbit monoclonal antibody anti-Drp1 (dilution 1:500), anti-pDrp1 (dilution 1:1000), mouse monoclonal antibody anti-ERα (dilution 1:1000) and rabbit polyclonal antibody anti-ERβ (dilution 1:500) in Immunoreaction Enhancer Solution 1 (Can Get Signal ® , Toyobo Co., Ltd., Osaka, Japan). The membranes were washed with TBST and incubated further with HRP-conjugated secondary antibodies (dilution 1:1000). Protein bands were detected using an enhanced ECL kit (GE Healthcare, Tokyo, Japan) using a digital imaging system (LAS4000, Fujifilm, Tokyo, Japan). Bands were measured using ImageJ (Version 1.51n, NIH Software, Bethesda, MD, USA).
Immunohistochemistry
Immunohistochemistry was performed as reported previously [2, 39] . Briefly, cells were seeded on coverslips in in an incubator, then fixed and permeabilized with 4% paraformaldehyde (Merck Millipore, Darmstadt, Germany) in PBS for 20 min at room temperature and then 0.2% Triton X-100 in PBS for 10 min. After washing with 1× PBS three times, the cells were pre-incubated with 500 μg/ml normal goat IgG and 1% bovine serum albumin (BSA, Merck Millipore, Darmstadt, Germany) in PBS for 1 hr to block non-specific binding sites. Unless otherwise specified, all reactions were conducted at room temperature. Cells were reacted with primary antibodies (Drp1, 5 μg/ml and pDrp1 Ser616 , 1 μg/ml) for 4 hr. ERα and pDrp1
Ser616
were simultaneously detected by doublestaining as described previously [2] . Briefly, after blocking with 10% normal goat serum in 1% BSA in PBS, the cells were incubated with primary antibodies (ERα, 6.7 μg/ml and pDrp1
, 1 μg/ml) for 4 hr. After washing with 0.075% Brij L23 (Sigma Chemical Co., St. Louis, MO, USA) in PBS, the cells were incubated with goat-antirabbit conjugated Alexa Fluor ® 488 (dilution 1:500) for 30 min and the nuclei were stained with 0.5 μg/ml DAPI (SouthernBiotech, Birmingham, AL, USA). Normal rabbit IgG was used at the same concentration instead of the primary antibodies for each experiment as negative controls. Finally, coverslips were mounted and examined under a confocal laser microscope (LSM 700; Carl Zeiss AG, Oberkochen, Germany). Images were captured at ×400 magnification.
Transfection of ERα siRNA by electroporation
A mixture of 21 bp siRNA for ERα (s4823 and s4824, Ambion by Life Technologies, Thermo Fisher Scientific, Inc., Pittsburgh, PA, USA) at a concentration of 5 nM was transfected into MCF7 cells. Electroporation cuvettes from Nepa Gene Co., Ltd. (Chiba, Japan) were used for all electroporations. Cells were suspended in 100 μl of Opti-MEM (Gibco, Tokyo, Japan) and 5 nM of ERα siRNA was added under sterile conditions. The cells were transferred to a sterile 2 mm cuvette and electroporated with two electric pulses (poring pulse: 125 V, 2.5 ms long with a 50 ms interval, transfer pulse: 20 V, 50 ms long with a 50 ms interval). After transfection, the cells were gently suspended in 3 ml of pre-warmed DMEM supplemented with 10% FBS.
Transmission electron microscopy (TEM)
Cells were seeded on coverslips in 12-well plates at a density of 1 × 10 5 cells/well. After incubation with 0.001% EtOH as control or 0.01 μM E 2 , the cells were fixed in 2% paraformaldehyde and 2.5% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) for 2 hr at 4°C, followed by washing with 0.1 M cacodylate buffer at 4°C. Post-fixation was conducted with 1% osmium tetroxide in 0.1 M cacodylate buffer for 2 hr at 4°C, followed by washing with 0.1 M cacodylate buffer. The cells were then dehydrated through a series of ethanol (EtOH) and propylene oxide solutions and embedded in Epon for 24 hr at 60°C. Ultra-thin sections were cut and stained with 0.5% uranyl acetate and 3% lead citrate at 20°C for 30 min and 7 min, respectively. The sections were observed using a transmission electron microscope (Hitachi HT7700, Hitachi High-Technologies Corporation, Tokyo, Japan), and the size of the mitochondria was measured using ImageJ version 1.51n, software.
Quantitative analysis
For immunohistochemistry, the percentage of pDrp1 
Statistical analysis
All experiments were performed in triplicate. Data are expressed as mean ± standard error and the differences between the groups were analyzed by Student's t-test with Statistical Package for the Social Sciences (Version 11.5; SPSS Inc., Chicago, IL, USA). P < 0.05 was considered statistically significant.
III. Results
Both ERα and ERβ were expressed in MCF7 cells
To clarify the expression and localization of ERα and ERβ in MCF7 cells, we performed western blotting and immunohistochemistry, respectively. Mouse uterus and ovary were used as positive controls in western blotting analysis. As shown in Fig. 1A , both ERα and ERβ were expressed in MCF7 cells. ERα and ERβ mainly expressed in the nucleus, but were sparsely expressed in the cytoplasm (Fig. 1B) .
17β-Estradiol induced MCF7 cell proliferation
To verify the effects of E 2 on MCF7 cell proliferation, an MTT assay was performed after incubation with E 2 with or without ICI treatment. As shown in Fig. 2 , cell proliferation was increased significantly by E 2 treatment for 24 hr, but, cell proliferation was decreased by E 2 + ICI treatment compared to E 2 treatment alone.
Effects of E 2 on cell proliferation in MCF7 human breast cancer cells. Cells were treated with 0.001% ethanol as control, 0.01 μM E 2 or E 2 + ICI (1 μM) for different time periods (0 hr to 48 hr) and cell proliferation was analyzed by the MTT assay. Asterisks indicate significant differences between the control vs. E 2 (*p < 0.05). Data represent mean ± standard error of three independent experiments.
Fig. 2.
Expression of ERα and ERβ in MCF7 cells. The expression of ERα and ERβ was analyzed by western blotting (A) and immunohistochemistry (B).
Representative confocal images of MCF7 cells stained with ERα (red), ERβ (green) and DAPI (blue, showing nucleus). Magnification ×400. 
17β-Estradiol induced pDrp1
Ser616 in MCF7 cells
To determine the effects of E 2 on Drp1 and pDrp1 Ser616 , the expression of Drp1 and pDrp1 Ser616 was analyzed by western blotting. The results indicated that pDrp1 Ser616 expression was increased significantly by E 2 in a dosedependent manner, but there was no significant change in Drp1 expression after E 2 treatment (Fig. 3A, B and C) .
However, an E 2 concentration of 0.01 μM was selected for further experiments as it is a physiologically relevant concentration for mammalian cells. We then examined the time-course effect of 0.01 μM E 2 on both Drp1 and pDrp1 . Data represent mean ± standard error of three independent experiments. Asterisks indicate significant differences (**p < 0.01) as compared with control.
Fig. 3.
Estrogen Effects on Mitochondrial Morphology whereas Drp1 expression was not changed significantly after E 2 treatment (Fig. 3D, E and F ).
ERα plays a major role in E 2 -induced Drp1 phosphorylation at Ser616
In order to determine the involvement of ERα and ERβ, cells were treated with a non-specific ER inhibitor (ICI 182,780, 1 μM), an ERα-specific inhibitor (MPP, 10 μM), or an ERβ-specific inhibitor (PHTPP, 10 μM) for 2 hr prior to E 2 treatment. The expression of Drp1 and pDrp1 Ser616 was examined by western blotting and immunohistochemistry. Western blotting revealed that pDrp1 Ser616 expression was increased significantly by E 2 alone or by E 2 + PHTPP treatment, whereas, pDrp1 Ser616 expression was significantly decreased by E 2 + ICI or E 2 + MPP treatment compared to E 2 alone (Fig. 4A, B and C) .
Next, we determined the expression pattern and localization of Drp1 and pDrp1 Ser616 in MCF7 by immunohistochemistry. As shown in Fig. 4D (uppermost panel) Drp1 expression was found in the cytoplasm of all cells and colocalized with the mitochondria. Drp1 expression was not changed by treatment with E 2 alone or with E 2 combined with ER inhibitor. pDrp1 
chondria. In control cells, pDrp1
Ser616 was expressed in 3.4 ± 1.0% of the total cell population; however, the number of pDrp1 Ser616 positive cells was increased to 30.6 ± 5.6% of the total cell population by E 2 treatment. After treatment with E 2 + ICI or E 2 + MPP, the number of pDrp1 Ser616 positive cells decreased to 10.5 ± 1.7% and 12.4 ± 4.2%, respectively, compared to E 2 treated cells. However, the number of pDrp1 Ser616 positive cells was increased significantly (24.0 ± 2.2%) by E 2 + PHTPP treatment (Fig. 4E) .
ERα knockdown inhibited E 2 -induced Drp1 phosphorylation at Ser616
To verify the role of ERα, we transiently transfected MCF7 cells with ERα siRNA by electroporation and ERα protein expression was analyzed by western blotting and immunohistochemistry. As shown in Fig. 5A and B, ERα protein expression was decreased in ERα knockdown cells compared to wild type MCF7.
To evaluate the effect of E 2 and ERα on pDrp1 Ser616 (green) and DAPI (blue). Magnification ×400.
Fig. 5.
Estrogen Effects on Mitochondrial Morphology pression, pDrp1
Ser616 expression was determined by western blotting and immunohistochemistry in wild type and ERα knockdown MCF7 cells after E 2 treatment. In ERα knockdown cells, pDrp1 Ser616 protein expression was decreased after E 2 treatment compared to that of wild type MCF7 cells (Fig. 5C) . Next, we performed double staining for ERα and pDrp1 Ser616 expression using immunohistochemistry. In wild type cells, pDrp1 Ser616 expression was detected in only a few cells and was co-expressed with ERα. After E 2 treatment, pDrp1 Ser616 expression was increased and coexpressed with ERα. As expected, in ERα knockdown cells, pDrp1 Ser616 expression was decreased after E 2 treatment compared to that of wild type cells (Fig. 5D ).
E 2 regulated mitochondrial morphology observed by TEM
To assess the effects of E 2 on mitochondrial morpho- logical changes, we evaluated mitochondrial size by TEM. Tubular-pattern mitochondria were found in control cells but E 2 treatment resulted in an increased number of small and short mitochondria (Fig. 6A) . Mitochondrial size was measured using ImageJ software and the number of small mitochondria (< 0.5 μm 2 ) was significantly increased (68.7 ± 7.5%) after 36 hr of E 2 treatment (Fig. 6B) .
IV. Discussion
In this study, we investigated the relationship between estrogen on Drp1 and its post-translational modification and mitochondrial morphology using western blotting, immunohistochemistry, and TEM. The results revealed that Drp1 phosphorylation at Ser616 was induced by estrogen through ERα, and mitochondrial morphology was also changed from a tubular pattern to short and small mitochondria in MCF7 cells. These results indicated that estrogen and ERα are important for regulating mitochondrial morphology through Drp1 phosphorylation in MCF7 cells.
Drp1 is a major mitochondrial fission-related protein which is mainly localized in the cytoplasm and is translocated to the mitochondrial outer membrane during mitochondrial fission [3, 33] . Drp1 translocation is regulated by post-translational modifications, including phosphorylation, SUMOrylation, ubiquitination, and S-nitrosylation [6, 18, 35, 42] . Of these modifications, phosphorylation at Ser616 was previously shown to enhance Drp1 recruitment from the cytoplasm to the mitochondria, resulting in increased cell proliferation activity in cancer cells [19, 35] . On the other hand, Drp1 activity was blocked by phosphorylation at Ser637 and mitochondrial fission was inhibited in rat brain tissue [29, 44] .
It is well known that estrogen is an important regulator for breast cancer proliferation and it preserves mitochondrial structure and biogenesis in various tissues, such as heart, liver and brown adipose tissue [13, 16, 17, 30, 46] . In this study, the expression of pDrp1 Ser616 was increased by estrogen in a dose-and time-dependent manner, and cell proliferation activity was also increased after estrogen treatment of MCF7. In addition, mitochondrial morphology was changed from a tubular pattern to short and small mitochondria (< 0.5 μm 2 ) after estrogen treatment, as observed by TEM. Therefore, our results using MCF7 suggest that estrogen may be important for regulating mitochondrial morphology and cancer cell proliferation, depending on Drp1 phosphorylation.
The activity of estrogen is mediated by binding with ERα and ERβ, which are members of the nuclear receptor superfamily of transcription factors [20] . To clarify whether estrogen binds to ERα or ERβ, MCF7 cells were treated with non-specific and specific ER inhibitors. We found that pDrp1 Ser616 expression was decreased after treatment with estrogen plus ICI (an inhibitor of both ERα and ERβ) or MPP (an ERα-specific inhibitor) compared to treatment with estrogen alone. However, pDrp1 In a classic signaling pathway, estrogen-ER complex can bind to specific consensus sequences in the nuclear DNA, known as estrogen responsive element (ERE) or to nuclear transcription factors, such as activator protein 1 (AP-1) or specificity protein 1 (SP-1) and regulate the transcriptional activity of nuclear encoded mitochondrial genes [1, 20, 27, 43] . In the other hand, the mitochondrial genome also contains ERE-like sequences (mtERE) and AP-1 transcription factor [4, 5, 20] . Several studies have reported the detection of estrogen binding to mitochondria and the presence of estrogen-binding proteins within mitochondria [4, 20, 21] . It was also reported that estrogen enhances ERα and ERβ mitochondrial localization in MCF7 cells [5] . Therefore, it is possible that ERα and ERβ may bind with mtERE or AP-1 in mitochondria and impact mtDNA gene expression and other functions, such as oxidative phosphorylation [5, 20] . Although our results suggest that estrogen and ERα, but not ERβ, may be important for mitochondrial morphological changes, further experiments are needed to reveal whether estrogen binds to nuclear ERs or to mitochondrial localized ERs to regulate mitochondrial morphology.
In a clinical setting, adjuvant endocrine therapy such as with tamoxifen or aromatase inhibitors lows disease progression and increases the survival of breast cancer patients. However, many patients must deal with recurrent drug resistance [8, 9, 36] . There has been recent focus on mitochondrial dynamics in the disease process, as well as on targeted treatment in various diseases, including cancer [19] . Indeed, the Drp1 inhibitor (mitochondrial fission inhibitor-1, mdivi-1) is a candidate for the treatment of ischemia-reperfusion injury of heart, skeletal muscle atrophy, and cancers such as ovarian cancer, cervical cancer, breast cancer and melanoma [38] . However, the controversial effects on cell survival were observed depending on the cell type and experimental setting [31] . Therefore, further examination for targeting post-translational modification is necessary for devising a new strategy for treating various diseases, including cancer.
In conclusion, our results demonstrate that Drp1 phosphorylation at Ser616, involved in the regulation of mitochondrial morphology, may be induced by estrogen through ERα. Although we did not provide direct evidence, our result regarding the regulation of Drp1 phosphorylation by estrogen, may be helpful for the development of further treatments in estrogen-dependent breast cancer.
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